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ABSTRACT 
 
Neomorphic Moonlighting Proteins perform distinct functions at physiological and pathological 
conditions without alterations at gene level. The disordered Tubulin Polymerization Promoting Protein 
(TPPP/p25), a prototype of Neomorphic Moonlighting Proteins, modulates the dynamics and stability of the 
microtubule system via its bundling and tubulin acetylation promoting activities. These physiological functions 
are mediated by its direct associations with tubulin/microtubules as well as tubulin deacetylases such as HDAC6. 
In normal brain TPPP/p25 is expressed in oligodendrocytes and plays a crucial role in the formation of 
projections in the course of differentiation requested for axon ensheathment. At pathological conditions 
TPPP/p25 interacts with alpha-synuclein, forms aberrant protein-protein interaction resulting in aggregation 
leading to the formation of inclusions as clinical symptoms. The co-enrichment and co-localization of TPPP/p25 
and alpha-synuclein were established in human brain inclusions characteristic for Parkinson’s disease and other 
synucleinopathies. The binding segments on TPPP/p25 involved in the physiological and pathological 
interactions were identified and validated at molecular and cell levels using recombinant proteins and transfected 
HeLa and inducible CHO10 cells expressing TPPP/p25. Our finding that distinct motives are responsible for the 
neomorphic moonlighting feature of TPPP/p25 has powerful innovative impact in anti-Parkinson drug research.  
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NEOMORPHIC MOONLIGHTING PROTEINS 
 
The recognition that there are proteins with more than one function was recognized two decades ago 
and this characteristic was termed as moonlighting [1]. These proteins perform multiple, independent functions 
that are not coded at gene level, do not stem from genetic alterations (gene fusion or splice variants), their 
functions are manifested themselves at protein level. The functions of these moonlighting proteins can vary as a 
consequence of changes in cellular localization, cell type, and their oligomeric state, concentrations of substrates, 
cofactors or products [1]. In addition to these types of proteins, in which all functions are considered „normal”, 
there are proteins displaying a second function that is not considered as a  „normal” one [2]. These are 
Neomorphic Moonlighting Proteins, physiological function of which can be converted into a pathological one  
mostly due to their hetero-associations with “pathological” partners distinct from the physiological ones [2, 3].  
The major part of the intracellular proteins has well-defined secondary and tertiary structures; however, 
a number of in silico and experimental data have been accumulated indicating that a part of proteins does not 
bear well-defined 3D structure [4-6]. These proteins denoted as intrinsically unstructured or disordered proteins, 
are rather common in living cells and fulfill essential physiological functions [4, 5]. These functions are linked to 
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their structural states, interactions with other cellular targets. Many disordered proteins also play crucial roles in 
the etiology of distinct conformational diseases such as multiple system atrophy (MSA), Parkinson's (PD) and 
Alzheimer's diseases [6-8], thus the Neomorphic Moonlighting Function is rather common for disordered 
proteins hallmarking conformational diseases; the prototype of these proteins is the TPPP/p25. 
 
 CONSTRUCTION OF THE DISORDERED TPPP/p25 
 
Tubulin Polymerization Promoting Protein (TPPP/p25) is a disordered, brain specific protein 
(http://www.genenames.org/data/hgnc_data.php?hgnc_id=24164), its main target is the tubulin/microtubule 
system [9, 10]. Prediction methods established for the disordered proteins and circular dichroism (CD) 
spectroscopy indicated more than one decade ago that TPPP/p25 does not have a well-defined 3D structure [9, 
11]. This finding was questioned and it was stated that it is a folded protein [12], however, multinuclear NMR 
studies as well as limited proteolysis provided evidence that extended unstructured segments at the N- (45aa) and 
C- (44aa) termini are straddling a flexible CORE region (130 aa) [13]. Most peaks of the 1H-15N HSQC spectrum 
of the human recombinant protein appeared to be sharp and poorly dispersed, predominantly fall in a narrow cca. 
0.6 ppm 1H region (7.9–8.5 ppm), a feature characteristic for intrinsically unstructured and highly dynamic 
proteins supporting that a large portion of the protein fluctuates among multiple conformations and lacks a well-
defined 3D structure. TPPP/p25 occurs both in monomeric and homodimeric forms, the dimer has been found to 
be more compact as expected from the assembly of the highly disordered monomers [14]. 
The middle CORE segment comprises a couple key binding motives/segments responsible for the 
interactions with ligands, peptides and proteins [15]; while the unfolded N-terminal includes phosphorylation 
sites [16]. 
   
MULTIPLE INTERACTIONS WITH LIGANDS, PEPTIDES AND PROTEINS 
 
GTP There is a representative set of GTP binding sequence motives (consensus sequences) [17-19], 
one of these motives was identified within the CORE segment of TPPP/p25 (G68-(X)4GK), as a potential binding 
segment responsible for GTP binding [13]. GTP binding to the disordered protein was established by affinity 
chromatography, fluorescence spectroscopy and size exclusion gel chromatography [13]. This latter technique 
rendered it possible to detect the GTP’s positive effect on the dimerization of TPPP/p25, which resulted in the 
rearrangement of the unfolded monomers into relatively compact dimeric species resulting in a more pronounced 
tubulin polymerization promoting potency (Fig. 1) [14]. The GTP-induced structural alterations could be 
prerequisite for the catalytic activity of the disordered TPPP/p25. Indeed, this protein specifically hydrolyses 
GTP, but not ATP, in a Mg2+-dependent manner as proved by P31-NMR spectroscopy as well as by malachite 
green phosphate release assay (Fig. 1) [13].  The detected GTPase activity is comparable with the intrinsic 
activities of small G proteins, which may incline one to search for regulatory GTPase activating proteins 
promoting a more pronounced activity.  
 
ZINC  Zinc is a ubiquitous and essential micronutrient and is intimately linked to health as well as a 
number of disease states [20-24]. Zinc is involved in an extraordinary range of biological functions and is 
essential for growth, development and for a host of diseases, although its precise role is not fully understood. 
The bivalent zinc cation has been identified as a ligand that can induce considerable rearrangement of the 
recombinant human TPPP/p25 at relatively low protein concentration (Fig. 1) [25]. This finding suggested that 
the partial folding of TPPP/p25 caused by zinc binding to the zinc finger motif (H2C2) (H
61-C83) may have 
physiological relevance. The specific binding of the Zn2+ to TPPP/p25 induced molten globule formation, which 
is a partially folded structure accommodating the zinc binding motif localized at the single W76-containing 
region as demonstrated by fluorescence resonance energy transfer and quenching experiments [25]. The Zn2+-
induced change reduced the GTPase activity, but enhanced the tubulin promoting activity of TPPP/p25 ([25], 
therefore, the structural alterations were coupled with functional ones (Fig. 1).  
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TUBULIN Microtubules, one of the major constituents of the cytoskeleton, are hollow cylinders 
formed by polymerization of α and β tubulin dimers, their stability are ensured by microtubule associated 
proteins (MAPs) and ligands such as GTP.  TPPP/p25 belongs to a new and unique family of MAPs and its 
primary target is the tubulin/microtubule system [9, 10, 26]. The binding of TPPP/p25 to tubulin is coupled with 
significant conformational changes which are likely resulted from the structural arrangement mostly in the 
unstructured TPPP/p25 rather than in the tubulin with a well-defined 3D structure [9, 11]. A number of in vitro 
studies with human recombinant protein and with isolated one from bovine brain have shown that this protein 
displays high potency to induce tubulin assembly coupled with bundling activity (Fig. 1) ([15] and references 
therein).  Pelleting (differential binding) and tubulin polymerization assay showed that the N- and/or C-terminal-
free (predominantly the latter one)  truncated protein forms displayed extensively reduced tubulin binding and 
tubulin polymerization potency as compared to the full length species, in addition no microtubule bundling was 
induced by the C-terminal free and the double truncated protein species suggesting that the disordered termini 
contribute to the formation of the microtubule ultrastructures likely by their cross-linking potency [3]. These 
results are in agreement with the CD measurements, and provided additional evidence for the key role of the C-
terminus in the tubulin-related processes.  
 
PHOSPHORYLATION As we have demonstrated a decade ago by atomic force microscopy and 
electron microscopy, TPPP/p25 is able to promote the formation of intact-like microtubules with its extensive 
bundling activity [9, 10]. The in vitro phosphorylationof TPPP/p25 by specific protein kinases at T14, S18 and 
S160 (by cyclin-dependent kinase 5), S18 and S160 (by extracellular signal-regulated kinase 2 (ERK2)) and S32 (by 
cAMP-dependent protein kinase A) led to structural and functional changes [16]. In fact, the kinase-mediated 
modification of TPPP/p25 (2.9 mol Pi/mol protein) completely blocked its tubulin polymerization promoting 
potency (Fig. 1); however, cAMP-dependent protein kinase A was ineffective. The partially phosphorylated (1.3 
mol Pi/mol protein) TPPP/p25 exhibited low tubulin polymerization activity; transmission electron microscopy 
showed that, in sharp contrast to the control, the sample mainly consisted of thread-like oligomers [16]. These 
data that the phosphorylation strongly impedes the ability of TPPP/p25 to promote the formation and bundling of 
intact microtubules as well as to mediate the formation of large tubulin-TPPP/p25 aggregates likely have 
physiological significance since the three N-terminal sites were found to be phosphorylated in vivo in TPPP/p25 
isolated from bovine brain due to its direct association of with ERK2 [16]. 
 
FUNCTIONS WITH PHYSIOLOGICAL RELEVANCE 
 
The eukaryotic cytoskeleton consisting of three filamentous systems displays various intracellular 
functions due to its dynamic reorganizing ability. The filamentous structures are highly variable in different cells 
and tissues, for example, the precise regulation of microtubule dynamics is critical for cell cycle progression, cell 
signaling, intracellular transport and cell polarization. Their dynamic reorganizing ability shows great variability 
depending on the functions which are attained by static and dynamic associations of macromolecules and ligands 
and post-translational modifications [27]. These characteristics of the microtubule system have been analyzed by 
microscopy of microinjected or expressed fluorescent tubulin, time-lapse microscopy and analysis of time-
dependent microtubule length changes [28]. One of our early observations was that TPPP/p25 inhibited the 
microtubule-derived mitosis in Drosophila embryos expressing tubulin-GFP fusion protein as monitored by 
confocal microscopy following microinjection of recombinant TPPP/p25; this effect was abolished when 
TPPP/p25 was injected with GTP into the embryo [10].  
The tubulin subunits are subjected to a number of post-translational modifications, such as acetylation, 
phosphorylation, tyrosination, polyglycylation and polyglutamylation. Notably, the reversible post-translational 
acetylation of -tubulin at residue Lys-40 modifies the dynamics of microtubule system ([29] and references 
therein). Protein deacetylases, like histone deacetylases (HDACs) remove acetyl groups; uniquely among the 
HDACs, HDAC6 and NAD+-dependent deacetylase sirtuin-2 have cytoplasmic localization and their inhibition 
by specific inhibitors such as Trichostatin A and AGK2, respectively, increases the intracellular level of 
acetylated tubulin and alters cell motility. TPPP/p25 interacts with the tubulin deacetylase enzyme, HDAC6, 
inhibits its deacetylase activity and thus it plays a role in the control of the acetylation level of microtubules [29]. 
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 These features of TPPP/p25 are related to its physiological functions, namely the modulation and 
coordination of the dynamics and stability of microtubule network by it extensive microtubule bundling and 
tubulin acetylation enhancing activities (Fig. 2) [9, 10, 29]. Previously we have provided evidence that 
TPPP/p25 co-localizes with the microtubule network and enhances its stability in different cell lines expressing 
TPPP/p25 either endogenously (CG-4 cells), ectopically (CHO10 cells by doxycycline induction) or due to 
transient transfection (HeLa cells) as visualized by immunofluorescence microscopy [26, 29, 30]. The 
microtubule network bundled by TPPP/p25 displayed resistance against anti-microtubular agents such as 
vinblastine or nocodazole revealing the enhanced stability of the network [26, 29, 30]. Transiently transfected 
HeLa cells expressing full length or truncated EGFP-TPPP/p25 showed that the truncated protein - in contrast to 
the full-length one - distributed homogeneously in the cytosol underlining the crucial role of the unstructured 
termini in the association of TPPP/p25 to the microtubule network [3]. 
We established that the proteasome machinery is the main, if not exclusive, degrading system 
responsible for the elimination of the disordered unbound TPPP/p25 [26, 31] as described for many intrinsically 
unstructured proteins [32-34]. Their degradations are inhibited by MG132, a well-established inhibitor of 
proteasome, which further suggests the involvement of the proteasome machinery in their degradation [32]. 
In brain, microtubules are of special importance since they are actively involved in the maintenance of 
structural polarity of neurons which is crucial for their physiological functions [35]. The thin, long axons of 
neurons are decorated by MAPs and ensheathed by differentiated oligodendrocytes [36]. In fact, physiologically 
TPPP/p25 is expressed mainly in the oligodendrocytes [37] of brain and plays a crucial role in their 
differentiation process [38]. The enhanced stability of the TPPP/p25-bundled microtubules has specific 
importance in the course of differentiation of the oligodendrocytes, where TPPP/p25 contributes to the formation 
of the projections (Fig. 3) [38]. Oligodendrocyte cells accumulate Zn2+; in myelinating oligodendrocytes the 
intracellular Zn2+ concentration has been found to be relatively high (50 µM) [39, 40]. Our results showed that 
the Zn2+-induced structural change can enhance the intracellular level of the disordered TPPP/p25 by 
counteracting its proteasomal degradation (Attila Lehotzky, Judit Oláh, Sándor Szunyogh, Adél Szabó, Tímea 
Berki, Judit Ovádi, submitted manuscript), which could be essential for the extension of projections playing role 
in the maintenance of the stability of the zinc-rich myelin sheath in the central nervous system (CNS). This is an 
important issue since both the enrichment and the lack of this protein leads to CNS diseases such as MSA [41] 
and glioma [42], respectively. 
 
FUNCTIONS WITH PATHOLOGICAL RELEVANCE 
 
 Since in normal human brain TPPP/p25 is expressed in oligodendrocytes [37, 38], which are the major 
constituent of the ensheathment of axons; destruction of this process results in defects of myelin sheaths and re-
myelinization leading to the development of multiple sclerosis (MS) [43]. The amount of TPPP/p25 in 
oligodendrocytes and demyeliniated lesions of human brain from MS patients revealed loss of TPPP/p25-
positive oligodendrocytes within the plaques (Fig. 3) [43]. The analysis of cerebrospinal fluid samples of MS 
patients showed significant increase of TPPP/p25 for patients with clinically isolated and relapsing remitting MS 
syndromes (Fig. 3) [44]. 
The optimal intracellular expression of TPPP/p25 is a key factor for the physiology of the brain 
functions; the lack and enrichment of TPPP/p25 in oligodendrocytes lead to distinct CNS diseases: glioma [42] 
and MSA [41], respectively, (Fig. 3). MSA is a progressive neurodegenerative disorder presenting various 
combinations of parkinsonism, cerebellar ataxia, corticospinal and autonomic dysfunction ([45] and references 
therein). Co-enrichment and co-localization of the two disordered hallmark proteins, TPPP/p25 and alpha-
synuclein, in human inclusions have been reported in the case of MSA and other synucleinopathies [41]. The 
global pathomechanism of these neurological disorders denoted as conformational disease is the following: they 
are initiated by unfolded/misfolded proteins (TPPP/p25, alpha-synuclein), which enter into pathological 
interactions (TPPP/p25-alpha-synuclein complex) forming aggregates leading to inclusion formation appearing 
as clinical symptoms.  
TPPP/p25, as a Neomorphic Moonlighting Protein, is involved in interaction with deacetylase HDAC6 
at pathological condition as well and plays a crucial role in aggresome formation [46-48]. The aggresome 
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formation is a self-protecting mechanism against the toxic, small aggregates localized at the periphery of the 
cells which are actively transported on the acetylated microtubule network to the centrosome region [49]. 
Aggresome formation has been produced by over-expression of TPPP/p25 in transfected HeLa cells which is 
considered as an appropriate model to study the pathomechanism of inclusion formation as well as to test 
potential anti-aggregation agents [26]. The oligodendroglial degeneration was studied in HEK293T and KG1C 
cells which ectopically expressed alpha-synuclein and TPPP/p25 [45]. Co-immunoprecipitation analysis 
revealed the specific interaction of TPPP/p25 and alpha-synuclein followed by the acceleration of alpha-
synuclein oligomerization. It has been documented that NAD+-dependent deacetylase sirtuin-2 rescues alpha-
synuclein-mediated oligodendrocyte cell death coupled with increased protein aggregation; it was most 
prominent in AGK2-treated cells co-transfected with TPPP/p25 and alpha-synuclein [45]. 
Concerning the etiology of PD and MSA, there is an open question regarding the co-enrichment of 
TPPP/p25 and alpha-synuclein in Lewy bodies and glial inclusion, respectively. The co-localization of these two 
disordered proteins was demonstrated in 2004 [41], which was followed by a couple of others [45, 50-52]. In 
normal brain these two proteins are expressed in different cell types of the human brain (TPPP/p25 in 
oligodendrocytes, alpha-synuclein in neurons); however, there is no clear information how the inclusions with 
their co-aggregations could be formed. A plausible way is that these poteins could enter into the diseased cells 
from the extracellular matrix; this idea comes from our recent observation that, like alpha-synuclein [53], 
TPPP/p25 could be also taken up by cells from the extracellular volume [3]. This situation, on the other hand, 
has important innovative aspects concerning the evaluation of specific anti-synucleinopathy agents which target 
the interface of the pathological, but not the physiological complex of TPPP/p25.  
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FIGURE LEGENDS 
 
Figure 1. Multiple interactions of TPPP/p25 with various ligands and proteins. The disordered 
TPPP/p25 displays high potency to induce tubulin assembly coupled with bundling activity. The in 
vitro phosphorylation of TPPP/p25 by specific protein kinases (CDK5, ERK2) strongly impedes its 
ability to promote the formation and bundling of intact microtubules. The binding of zinc ion induces 
structural rearrangement (molten globule formation) of TPPP/p25 with increased tubulin 
polymerization promoting potency. GTP binding to TPPP/p25 shifts the monomer-dimer equilibrium 
towards dimer formation, which is a more compact species and has a more pronounced tubulin 
polymerization promoting potency than the disordered monomer. TPPP/p25 specifically hydrolyses 
GTP in a Mg2+-dependent manner. 
 
Figure 2. The effect of TPPP/p25 on microtubules. TPPP/p25 modulates the stability of the 
microtubule system via its bundling and tubulin acetylation promoting activities influencing 
microtubule dynamics and stability, intracellular trafficking as well as aggresome formation. SIRT2: 
NAD+-dependent deacetylase sirtuin-2. 
 
Figure 3. Physiological and pathological functions of the neomorphic moonlighting TPPP/p25. In 
normal brain TPPP/p25 is expressed in oligodendrocytes and plays a crucial role in the formation of 
projections in the course of differentiation requested for axon ensheathment. At pathological conditions 
altered TPPP/p25 expression was observed in distinct CNS diseases. Loss of TPPP/p25-positive 
oligodendrocytes within the plaques of human brain and significantly increased TPPP/p25 level in the 
cerebrospinal fluid were found in patients suffering from multiple sclerosis. Lack of TPPP/p25 was 
revealed in gliome; while co-enrichment and co-localization of TPPP/p25 and alpha-synuclein have 
been reported in glial inclusions in the case of MSA. OLG: oligodendrocyte. 
 



